ABSTRACT: Well-tailored mixtures of distinct ionic liquids can act as optimal electrolytes that extend the operating electrochemical window and improve charge storage density in supercapacitors. Here, we explore two room-temperature ionic liquids, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EmimTFSI) and 1-ethyl-3-methylimidazolium tetrafluoroborate (EmimBF 4 ). We study their electric double-layer behavior in the neat state and as binary mixtures on the external surfaces of onion-like carbon electrodes using quasielastic neutron scattering ( 
INTRODUCTION
Growing demand for electrical energy requires sustainable solutions that rely on renewable energy sources and efficiently store and release electrochemical energy. 1 Supercapacitors, which are also called ultracapacitors and electric double-layer capacitors (EDLCs), provide a balance between energy and power densities that allows them to charge at the same rate as traditional electrolytic capacitors and store charge at very high levels (>1 kW h/g). 2, 3 To store charge, supercapacitors use electrosorption of electrolyte ions onto electrode surfaces under applied potentials. Their energy densities, which are determined by the total amount of stored charge and the stable operating voltage window, partially depend on the structure of the electrolyte−electrode interface and arrangement of ions in the electric double layer (EDL). 2 Because optimal energy densities can be directly attributed to the high accessible surface area of electrodes and minimal electrolyte breakdown under high potentials, many previous research efforts have tailored porous electrode architectures and matched them to the appropriate electrochemically stable electrolytes. 4−6 Room-temperature ionic liquid (RTILs) electrolytes have gained particular attention owing their high electrochemical window, high thermal stability, low volatility, and molecular tunability. 7−9 Even though RTILs are less prone to electrochemical breakdown than other electrolytes, 10, 11 their working operational voltage window (OPW) is still limited by the different electrochemical activities of anions and cations.
Consequently, working potentials of the positive and negative electrodes in an EDLC are inherently asymmetric. 6, 12 Various methods have attempted to address this asymmetry from an electrode perspective, for example, electrode mass balancing 6, 13, 14 and charge injection 12 into one or both electrodes. Different positive and negative electrode material compositions 15 have also been proposed. However, none of existing methods completely resolves the unbalanced charge distribution issue. Recently, an optimized binary mixture of two ionic liquids in a model system of onion-like carbon (OLC) electrodes has balanced charge storage with an increase in the OPW of the supercapacitor. 16 The mixture used ionic liquids with the same cation (1-ethyl-3- ). This balance on the capacitance of the electrodes shows that properties of the mixed electrolyte diverge from those of its constituents, and the OPW is extended from 2.5 to 3.5 V. However, fundamental molecular-level understanding of this beneficial mixing effect is still limited.
Mixing an ionic liquid with other ionic liquids 17, 18 or cosolvents 19 alters its bulk properties such as diffusivity, viscosity, and electrical conductivity. Furthermore, a combination of several types of co-ions and counterions is expected to change the resulting electrosorption densities on electrode surfaces. Recently, a classical density functional theory (cDFT) study on the EmimTFSI/EmimBF 4 mixtures has pinpointed an optimal 4:1 ratio mixture of the respective constituents that yields a maximum capacitance. 20 The effect was attributed to a significant reduction of the layering structures that enhanced the contact density of [Emim + ] counterions on the electrode surfaces because of the presence of smaller [BF 4 − ] anions. However, a rational system design should rely on fundamental understanding that incorporates and rationalizes both the experimental 16 and computational results. 20 Here, we examine the beneficial effect of mixing RTIL electrolytes for the most fundamental, basic system with zero applied potential. Interfacial phenomena involving various electrodes and electrolytes (aqueous and ionic liquids) have been explored using molecular dynamics simulations, 21 Monte Carlo simulations, 22, 23 and cDFT. 24, 25 Here, we utilize cDFT and quasi-elastic neutron scattering (QENS) to investigate the structure and microscopic dynamics of cations in the mixtures of EmimTFSI/EmimBF 4 adsorbed on the external surfaces of OLCs, which are concentric graphitic spheres of 5−10 nm in diameter. 26 We chose the OLC electrode model system because it facilitates a direct comparison of our findings against previous results, allows us to rely on a carbon structure that is commonly used in supercapacitors, and presents an optimal electrode− electrolyte interface that benefits from a high specific surface area (SSA) without convolution from internal confinement of ions. While they properly function as important model electrode systems, they are also useful in a number of commercial-scale applications. In addition to operating highrate devices, 27 they act as substrates for grafted redox-active species and function as pseudocapacitors 28 and are integral for energy storage devices that operate under extreme temperature conditions. 29 Furthermore, other devices, such as microsupercapacitors, benefit from the external surface area structures of OLCs. 30 We have found that a 4:1 v/v mixture of EmimTFSI/EmimBF 4 demonstrates the highest cation diffusivity and corresponds with peak adsorption of cations on the OLC surface. This experimental observation is further supported by the computed excess adsorption of the cation on the electrode surface. These findings, which match previously reported RTIL mixture compositions that had extended the OPW of supercapacitors, 16 reveal the microscopic dynamics of the cations in an ionic liquid mixture associated with the highest capacitance. Our findings provide further guidance for tuning electrolyte properties for electrochemical energy storage device design.
MATERIALS AND METHODS
2.1. Synthesis of Carbon Onions. OLCs were synthesized according to the previously established procedure. 31, 32 UD-90 (Nanoblox, Inc.) nanocrystalline diamond powder (5−10 nm diameter particles) was placed into a graphite crucible and loaded into a vacuum furnace (Solar Atmospheres). The sample was outgassed for 24 h at 25°C. The furnace reached a high vacuum (10 −6 Torr) during this time. The furnace was ramped up to 1800°C (at a rate of 10°C min −1 ), held at that temperature for 8 h, and cooled down to room temperature. 26 The process fully converted sp 3 -bonded carbon in nanodiamond into concentric fullerene-type layers of sp 2 -bonded graphitic carbon. The spherical structures exhibited only an external surface area (no internal porosity), and gas sorption measurements 33 found the OLC SSA to be 400 m 2 g −1 and its external pore volume to be 1.16 cm 3 g −1 .
Absorption of Ionic Liquids onto OLC Surfaces.
RTILs and various mixtures were absorbed onto surfaces of OLCs according to the previously established vacuum infiltration procedure. 34−36 All ionic liquids were purchased from IoLiTec. Measured mass amounts of ionic liquids were dispersed in acetonitrile at room temperature (99.99% purity, Alpha Aesar) using magnetic stirring. This experiment investigated three different ionic liquid combinations: (1) pure EmimTFSI; (2) pure EmimBF 4 ; and (3) 80 vol % EmimTFSI/20 vol % EmimBF 4 mixture. 16 OLC powders were added to the solutions during stirring in ratios that would allow for the predetermined amounts of RTIL(s) to fully occupy the external pore volume of each OLC system. To determine the ratios, the bulk density of neat EmimTFSI was assumed to be 1.50 g cm −3 , and the bulk density of neat EmimBF 4 was assumed to be 1.25 g cm −3 . Three additional RTIL-only dispersions (without added OLC) were prepared with identical ratios stated above using the same dispersion and stirring method. The mixtures were continued to stir overnight until acetonitrile evaporated, and the resulting materials were dried for 24 h under a low vacuum (0.01 Torr) at 80°C.
2.3. Loading into QENS Cans. The samples were placed into cylindrical annular and flat-plate aluminum cans for QENS experiments and sealed with indium wire. OLC-containing samples used flat-plate cans with 0.025 cm thick deep inserts, and RTIL-only samples used the annular cans with insets providing 0.005 cm thick samples to control the effects due to multiple scattering. All samples were sealed inside of an Arfilled glovebox (Vacuum Atmospheres). 4 , corresponding to the ionic liquids at 298 K and 1 bar. The number density of the mixture can be reasonably assumed to be a linear combination between the two pure RTILs based off the volume of mixing for ionic liquids being very small (<0.1%). 37 Within the primitive model, the pair potential (u ij ) between ionic species i and j is provided by a hard-core repulsion calculation plus Coulombic interaction 
where r is the center-to-center distance, e is the unit charge, ε 0 is the permittivity of free space, and σ and Z are the diameter and valence, respectively, of each specific species. Because all ionic species are accounted for explicitly in this work, the relative dielectric permittivity is set to that of a vacuum (ε = 1). The electrode is modeled as a planar wall, which has been shown to be an effective representation of an OLC. 20 The charged wall exerts an external potential on each ion given by
where z is the perpendicular distance from the wall, β = 1/ (k B T), k B is the Boltzmann constant, T is the temperature, l B = βe 2 /(4πε 0 ε) denotes the Bjerrum length, and Q represents the surface charge density. Throughout this work, the Bjerrum length is taken to be 55.69 nm, corresponding to electrostatic interactions in a vacuum at room temperature.
To determine the density profiles of ionic species near the planar surface, we use cDFT. For a given temperature (T) and the bulk ionic density (ρ i b ), the density profile for each species (i) is given by
where V i ext (z) is the nonelectrostatic component of the external potential as given by eq 2 and Δμ i ex (z) is the excess chemical potential which accounts for the thermodynamic nonideality due to the electrostatic correlations and excluded volume effects. The electrostatic part of the external potential is accounted for in the overall local electrical potential, ψ(z), which is related to the local charge density by the Poisson equation
Equations 3 and 4 are solved self-consistently with the boundary conditions for the electrical potential
In the cDFT calculations, the electrical potential at the electrode surface, ψ, is assumed to be constant and for this work, is set to zero to represent an electrode with no applied potential. The excess ion adsorption is given by
2.5. QENS Measurement. Dynamics of cations in the samples were measured using the backscattering spectrometer (BASIS) 38 at the Spallation Neutron Source, Oak Ridge National Laboratory. BASIS is a time-of-flight inverted geometry spectrometer that provides a fine energy resolution of 3.5 μeV (at full width at half maximum) while using Si(111) analyzer crystals covering Q-space of 0.20−2.0 Å −1 . Data within the energy transfer range of ±100 μeV were analyzed. The sample temperature was controlled by a standard top-loading closed-cycle refrigerator. Sample-specific resolution at ∼20 K was measured from each sample. Elastic scan was performed from 20 to 300 K at 2 K increment. QENS data were collected at 300 K from each sample.
RESULTS AND DISCUSSION
Earlier electrochemical and cDFT studies 16, 20 have identified a volcano-shaped correlation between capacitance and the fraction of EmimBF 4 in a mixture with EmimTFSI under applied potential, with a maximum at a 20% concentration. Our initial goal was to investigate the fundamental behavior of ions for different binary RTIL mixture concentrations adsorbed on the same external OLC surfaces as used in the previous studies.
The primary objective of this effort was to determine whether the volcano-shaped trend of the capacitance observed at the applied potential translates into discernible dynamics under ambient conditions. To investigate this, we utilize cDFT because it has already been shown to properly capture the experimental findings on the capacitance trend with ionic liquid mixtures. 20 The details on the theoretical model and method are presented in section 2. Figure 1 shows the cDFT-derived density profiles of cations and anions for pure EmimTFSI, pure EmimBF 4 , and the 80:20 by mol % (87:13 by vol %) binary mixture of the two RTILs adsorbed on the surface of an OLC electrode with no applied potential. In the case of pure EmimTFSI (Figure 1a) To understand the impact on the microscopic dynamics of the structural modifications in the adsorbed ions with changing composition as predicted from cDFT, we carried out QENS experiment to examine the microscopic cation dynamics in pure EmimTFSI and EmimBF 4 and their mixtures near OLC surfaces under no applied potential using a neutron backscattering spectrometer. 38 A very high incoherent neutron scattering cross section of hydrogen 39 makes QENS a method of choice to study the dynamics of fluids such as water and ionic liquids in bulk as well as in confinement. 34,40−42 Because the studied RTILs only feature hydrogen on [Emim + ] cations, the QENS spectra predominantly represent the contribution from cations of the ionic liquids. Analysis of the data (see Supporting Information for details) gives the diffusivity of cations from the Q (momentum transfer) dependence of quasielastic line width. Furthermore, the ratio of the elastic intensities to the total scattering intensities (elastic plus quasi-elastic) provides a measure of the amount of cations that are immobile and mobile (on ∼10 −9 s time scale defined by the QENS energy resolution). 43 Therefore, the elastic scattering fraction in the QENS spectra, which reflects the number of cations adsorbed on the electrode surface, should correlate with the computed excess adsorption of [Emim + ] near an OLC, which is indeed the case, as shown by the colored symbols in Figure 2 .
We performed our measurements at zero applied potential to probe fundamental dynamics and properly complement cDFT results with the experimental findings. At first, we performed a temperature-dependent elastic scattering intensity measurement, from 20 to 300 K, with a 2 K increment. The normalized elastic scan ( Figure S1 in Supporting Information) is qualitatively similar for all bulk-state reference samples, with a sharp decrease in intensity at higher temperatures due to electrolyte melting. Regardless of the variation in the melting temperature, the QENS spectra are similar among all samples at 300 K. A two-component model fit, which has been successfully used to extract the diffusivities of ionic liquids in bulk and in mixtures with cosolvents, 19, 44, 45 Figure 2 show the maximum excess adsorption of [Emim + ] near an OLC in the mixture of ionic liquids compared to the neat liquids. This result corroborates the cDFT prediction (solid line in Figure 2 ) for the excess adsorption of [Emim + ] on the surface of the electrodes. The QENS spectra from the confined ionic liquids were further analyzed using an elastic scattering signal plus a sum of two Lorentzian functions (details in Supporting Information), each accounting for slower and faster processes, respectively. The slower process accounts for the long-range diffusivity of the cation, whereas the faster process is representative of a set of spatially localized motions. 44 Figure 3b shows the higher cation mobility in the ionic liquid mixture. This stems from the attachment of the larger number of cations to the OLC surface, in agreement with the cDFT computation. Such an arrangement leaves more room for the mobile cations away from the electrode− electrolyte interface, which, therefore, exhibit a higher diffusivity, as has previously been observed in confined ionic liquid systems. 44 Note that the broad component ( Figure S4 in Supporting Information) demonstrates the presence of spatially The Journal of Physical Chemistry C Article localized cation motion from the finite value of hwhm in the limit of Q = 0. Even though the hwhms of the broad component do not show any specific trend for the entire Q range, the higher values of the hwhms at low Q suggest the higher localized mobility (besides the higher long-range translational mobility) of the cation in the mixture.
Our results highlight the intricate behavior of ions that adsorb on the electrode surface and the effects of the dense initial layer and complementary diffusion layer on ion dynamics and electrosorption. Even under neutral potentials, ions do not behave like bulk ionic liquids at the electrode−electrolyte interfaces. These results agree with prior spectroelectrochemistry findings, which highlighted the fact that short-range rearrangement of ions, rather than bulk fluid flow, dominates electrolyte dynamics. 47 This behavior is present in every supercapacitor system and depends on the aspect ratio and external surface area of the carbon electrode confinement, and the mechanisms of ion dynamics in it are very important. These dynamics will become even more dominant in thin-film devices composed of two-dimensional materials.
CONCLUSIONS
In summary, cation diffusivity does not depend on the EmimTFSI/EmimBF 4 mixture composition in bulk liquid samples but shows a maximum for a 4:1 volume ratio of EmimTFSI to EmimBF 4 when the liquids are adsorbed on the surfaces of OLCs. This effect is due to the attachment of a larger number of cations to the interface of OLCs, which leaves more space in the immediate outer diffuse layer for mobile cations. This observation is supported by cDFT calculations that demonstrate a maximum excess adsorption of [Emim + ] for the same binary RTIL mixture composition. Our findings rationalize the observed volcano-shaped trend of the capacitance at the optimal relative ratio of the two ionic liquids. Because our experiments and modeling were conducted at zero applied potential, the concentration versus capacitance trend must be a general manifestation of the interplay between the ion size and charge near electrode surfaces, regardless of ambient or dynamic electrochemical conditions. Future efforts will probe the microscopic dynamics in the presence of an electromotive force, which is expected to further enhance the mobilities of the cations in the diffuse layer and yield the maximum integral capacitance predicted from cDFT. These findings provide a guidance to design electrolyte systems with optimized properties that will enhance energy and power densities of supercapacitors.
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